ABSTRACT: Eighteen gilts (initial BW of 10.9 kg; age 4 wk) were used in a 35-d experiment to study the effects of adding microbial phytase to a pearl milletsoybean meal-based diet on growth, apparent digestibility and retention of nutrients, and bone mineral status. The dietary treatments were arranged in a 2 × 3 factorial with two levels of P (.58%, low-P or .95%, adequate-P) and three levels of microbial phytase (0, 700, or 1,000 units/kg of diet). Phosphorus, Ca, and N balance were determined from d 32 to 35. Blood samples were collected on d 0 and 35 for serum mineral analysis. Global bone mineral content (GBMC) and global bone mineral density (GBMD) were determined on d 0 and 35 using dual-energy xray absorptiometry (DXA). A microbial phytase level × P level interaction was observed for final BW, ADG, gain:feed ( P < .001), and serum P concentration ( P < .003). Phytase supplementation of the low-P diets increased final BW, ADG, gain: feed, and serum inorganic P concentration but did not improve growth or serum inorganic P concentration in pigs fed the adequate-P diets. The addition of microbial phytase to the low-P and adequate-P diets reduced fecal P ( P < .01), fecal N ( P < .05), increased P absorption and retention ( P < .01), and increased N absorption ( P < .05). Pigs fed the adequate-P diets absorbed more P ( P < .01) but excreted more P ( P < .01) in the feces. Phytase tended to increase Ca ( P < .07) and N ( P < .10) retention, apparent threonine digestibility ( P < .06), and serum Zn concentration ( P < .09). Phytase increased GBMC and GBMD ( P < .04). Phosphorus also increased GBMC and GBMD ( P < .007 and P < .002, respectively). These results show that supplemental microbial phytase in pearl millet-soybean meal diets increased P availability, decreased the amount of P excreted in feces, and increased bone mineralization in nursery pigs.
Introduction
Phytate P is the principal storage form of P in cereal grains fed to swine (Reddy et al., 1982) . Phosphorus in this form is generally not available to nonruminants because they lack the digestive enzyme phytase, which is required to separate phosphorus from the phytate molecule (Peeler, 1972; Cromwell, 1979) . Recent research has shown that supplementing diets with the phytase enzyme effectively improves phytate P utilization, increases serum mineral concentration, and improves bone breaking strength in pigs (Cromwell et al., 1993b; Lei et al., 1994) . Bone measurements, however, were taken after pigs were killed and the bones removed.
Recently, dual-energy x-ray absorptiometry ( DXA) has been used as a noninvasive method for accurate and reproducible measures of bone mineral status in humans (Kirchner et al., 1995 (Kirchner et al., , 1996 and pigs (Mitchell and Scholz, 1995) . This technology could be useful in nutritional studies that evaluate bone growth in young animals through multiple measurements of bone minerals over time. Therefore, the objective of this study was to evaluate the effects of microbial phytase in pearl millet-soybean meal diets containing two levels of P on growth, apparent digestibility and retention of nutrients, serum mineral concentration, and bone mineral density of nursery pigs. 
Materials and Methods

Animals and Treatment. Eighteen gilts (Chester ×
Hampshire × Duroc), average initial BW and age of 10.9 kg and 4 wk, were used in a 35-d experiment.
Pigs were housed in individual stainless steel metabolism cages (58.8 cm × 60 cm × 62.5 cm; Lab Products, Maywood, NJ) with slatted floors and designed to separate urine and feces. The cages were in an environmentally controlled room with temperature maintained at approximately 28°C; relative humidity ranged from 40 to 50%, and artificial light was provided continuously. Dietary treatments (Table  1 ) were arranged in a 2 × 3 factorial of low-P (.58%) or adequate-P (.95%), based on NRC (1988) standards, and microbial phytase at 0, 700, or 1,000 phytase units ( PU)/kg of diet. A phytase unit is defined as the amount of enzyme that liberates 1 mmol of inorganic P from sodium phytate per minute at pH 5.5 and 37°C. Dicalcium phosphate was used as the inorganic source of P in the diets. Pigs were fed onehalf of their respective daily feed allowance at (0800 and the other half at 1600) and allowed 7 d to adjust to the diets and metabolism cages. The 7-d adjustment was part of the 35-d experimental period. Daily feed intake was held constant for all pigs (4.5% of average BW) in an attempt to reduce the effects of different levels of feed intake on nutrient digestibility. Pigs had ad libitum access to water via nipple waterers. Pigs were weighed weekly to adjust daily feed intake and to determine growth rate and efficiency of gain. All experimental protocols were approved by The University of Georgia's Animal Care and Use Committee.
Sample Collection. To evaluate P, Ca, and N retention, a balance trial was performed during d 32 to 35 of the experiment. Total feces were collected twice daily, weighed, composited, and frozen at −20°C. Urine was collected twice daily in 2-L vessels containing 5 mL of 6 N HCl. A 10% aliquot of total urine volume was taken, composited, and frozen at −20°C. On d 0, before the pigs were placed on their respective diets, and on d 35, blood samples (10 mL) were collected by jugular puncture, after pigs were held without feed and water for 24 h. Blood samples were centrifuged at 2,500 × g for 20 min, and serum was harvested for subsequent mineral analysis. An aliquot was taken for P analysis, and the remaining serum was stored at −20°C.
Sample Analyses. Fecal samples were thawed, thoroughly mixed, and a 20% subsample was taken and dried at 55°C for 48 h, air-equilibrated for 24-h, and ground in a Wiley Mill (Arthur A. Thomas, Philadelphia, PA) through a 1-mm screen. Diet and fecal samples were analyzed for DM, ether extract, N, and ash, (AOAC, 1990); gross energy by adiabatic bomb calorimetry (Parr Instrument Co., Moline, IL); Ca, Zn, Mg, and Cu concentration by atomic absorption spectrophotometry (Model 560 spectrophotometer, Perkin-Elmer, Norwalk, CT), following a nitric acid-perchloric acid wet ash; total P (AOAC, 1990); and phytate P (Common, 1940) . Urine was analyzed for N, Ca, P, Cu, Zn, and Mg. Diet and fecal samples were prepared for amino acid analyses by hydrolysis with 6 N HCl for 24 h. To prevent oxidation of methionine to methionine sulfone and cysteine to cysteic acid, 99.97% pure N 2 gas was added during hydrolysis (Amos et al., 1976) . Amino acid analyses of hydrolyzed diet and fecal samples were determined using a Beckman System 6300 Amino Acid Analyzer (Beckman Instruments, Palo Alto, CA).
Fresh serum was used to determine inorganic P concentration with the method described by Sigma Chemical (1991). The remaining serum was frozen at −20°C until analyzed for Ca, Zn, Mg, and Cu concentrations by atomic absorption spectrophotometry as described previously.
Bone Mineral Density. Bone mineral status was determined on all pigs with DXA (QDR-1000/W, Rat Whole Body Software, Version 5.55p, Hologic Inc., Waltham, MA). The technique of DXA was developed from an earlier technique called duel-photon absorptiometry ( DPA) . The principles of DPA to estimate bone mineral density are described in detail by Peppler and Mazess (1981) . According to Sartoris and Resnick (1990) and Lang et al. (1991) , the radiation source of DXA is more stable than DPA, and there is a greater difference between the two energy levels. The DXA system measures total body or global bone mineral content ( GBMC) and global bone mineral density ( GBMD) . In addition, DXA measures selected subcompartments or regional bone mineral content ( RBMC) and regional bone mineral density ( RBMD) . Quality control for DXA measures was verified by scanning a Hologic calibration phantom of known mineral content before testing (Kirchner et al., 1995) . After 24 h without feed and water, pigs were anesthetized with intramuscular injections of ketamine (20 mg/kg), xylazine ( 2 mg/kg), and atropine sulphate (.05 mg/kg) to ensure that they remained motionless for the duration of the scan (10 to 15 min). The pigs were placed uncovered on the scan table on their bellies, with the legs extended from the body. The x-ray source was positioned underneath the scan table supporting the pig, with the detector housed in an arm above the pig. During a scan, the source and detector moved together over the area covered by the pigs. Global bone mineral content, GBMD, RBMC, and RBMD were determined on each pig before they were fed the experimental diets and at the termination of the experiment on d 35. The left thoracic limb (dorsal view) was scanned from the distal end of the radius to the distal end of the phalanges (global) and evaluated for GBMC and GBMD. The third and fourth metacarpal bones of the left thoracic limb (regional) were scanned from the distal end of the radius to the proximal phalanges and were evaluated for RBMC and RBMD.
Statistical Analyses. Data were analyzed as a completely randomized design with a 2 × 3 factorial arrangement of treatments (Steel and Torrie, 1960) using the GLM procedures of SAS (1985) . The model was partitioned into the main effects of microbial phytase level, P level, and the interaction between microbial phytase and P. Linear and quadratic effects of supplemental phytase within low-P and adequate-P levels were tested using orthogonal contrasts for unequally spaced treatments (Robson, 1959) . Individual pig served as the experimental unit. Data are presented as means with SEM.
Results and Discussion
The nutrient composition of pearl millet grain used in this study is presented in Table 2 . The CP concentration (11.4%) of pearl millet in this study is similar to the CP concentration of the pearl millet used by Lawrence et al. (1995) but was lower than the 16.68% CP reported by Haydon and Hobbs (1991) . Several studies have shown variations in the nutrient composition of pearl millet (Ejeta et al., 1987; Smith et al., 1989; Haydon and Hobbs, 1991) . According to Teare et al. (1995) , genetic, environmental, and cultural practices are factors that influence seed size and nutrient composition of the grain. In addition, the CP concentration of pearl millet is influenced by N fertilizer, date of planting, environmental factors, and cultivar (Hanna, 1995) .
Performance.
A microbial phytase level × P level interaction ( P < .001) was observed for final BW, ADG, and gain:feed (Table 3) . Increasing levels of microbial phytase to the low-P diets linearly increased final BW ( P < .01), whereas phytase did not affect final BW in pigs fed the adequate-P diets. Graded levels of supplemental phytase to the low-P diets linearly increased ADG ( P < .01), whereas ADG was linearly ( P < .08) decreased by the addition of microbial phytase to the adequate-P diets. Gain:feed revealed a similar pattern; gain:feed was linearly increased ( P < .01) in pigs fed the low-P diets but decreased ( P < .02) in pigs fed the adequate-P diets. In contrast, Yi et al. (1996) reported that when 1,400 PU/kg of diet was added to semipurified soybean meal diets containing recommended levels of P (.32% available P), pigs grew faster and were more efficient in feed utilization during the first 14 d of the study. Because the animals in the present study were limitfed, BW, ADG, and gain:feed may be different from those of animals with ad libitum intake. Lei et al. (1993b) supplemented low-P corn soybean meal basal diets of weanling pigs (7.61 kg BW) with either 750, 1,050, 1,250, or 1,350 PU/kg of diet and allowed ad libitum consumption for 4 wk. These researchers reported that ADG, ADFI, and gain:feed in pigs were enhanced with the addition of phytase; however, they indicated that supplementation beyond 1,050 PU/kg did not further improve ADG or efficiency of gain.
Serum Inorganic P, Ca, Mg, Cu, and Zn Concentrations. A microbial phytase level × P level interaction ( P < .003) was observed for serum inorganic P concentration (Table 4 ). The addition of graded levels of microbial phytase to the low-P diets resulted in linear ( P < .01) and quadratic ( P < .02) increases in serum P, whereas the addition of phytase to the adequate-P diets did not affect serum inorganic P concentration. There was a trend ( P < .09) for increased serum Zn concentration in pigs fed supplemental phytase, but no consistent effect ( P > .20) of dietary microbial phytase was observed for serum Ca, Mg, and Cu concentrations. These results are consistent with those of Lei et al. (1993b) using similar microbial phytase levels in corn soybean meal diets for weanling pigs. Lei et al. (1993b) supplemented diets with 250, 500, and 750 PU/g and reported that dietary phytase increased serum P but serum Ca concentration was unaffected by dietary phytase.
Phosphorus, Phytate P, and Ca Balance. No microbial phytase level × P level interactions ( P > .20) were observed for P and phytate P balance; therefore, the main effects are presented (Table 5) . Apparent absorption and retention of nutrients for the 4-d balance period were calculated by determining the difference between the amount of nutrient consumed and the amount excreted in feces and urine. Increasing levels of microbial phytase linearly reduced fecal P and increased P absorption ( P < .01 for low-P and P < .02 for adequate-P) and increased P retention ( P < .01 for low-P and P < .01 for adequate-P). Fecal P and urinary P were higher ( P <.01) in pigs fed the adequate-P diets than in pigs fed the low-P diets (4.05 vs 2.77 g/d and 1.21 vs .35 g/d, respectively). However, pigs fed the adequate-P diets absorbed 77.0% more P (7.84 vs 4.43 g/d) and retained 62.5% more P (6.63 vs 4.08 g/d) than pigs fed the low-P diets. Adding graded levels of phytase to the adequate-P diets linearly ( P < .02) reduced fecal phytate P and increased phytate P absorption (Table 5 ). The increased level of P in the diets did not affect ( P > .33) the amount of phytate P in the feces or phytate P absorption ( P < .15). Other studies using phytase in corn-soybean meal diets have resulted in significantly reduced amounts of P excreted in the feces and urine of pigs (Jongbloed et al., 1992; Cromwell et al., 1993a; Mroz et al., 1994) . Lei et al. (1993a) fed weanling pigs (8.2 kg BW) microbial phytase (0, 250, 500, or 750 PU/kg of diet) in soybean meal diets without supplemental inorganic P and reported that dietary phytase increased P retention by 50% and decreased fecal P by 42%. They concluded that up to 750 PU/kg of diet linearly improved phytate-P utilization. In addition, Yi et al. (1996) added 1,400 PU/kg of diet to semipurified soybean meal diets containing recommended levels of P (.32% available P ) to evaluate any extra P effects of the enzyme. They reported an additional 13% increase in P absorption with added phytase.
There was a trend (Table 6 ) for supplemental microbial phytase to decrease ( P < .07) fecal Ca and increase Ca absorption and Ca retention ( P < .07 and P <.08, respectively). Other studies have shown increases in digestion and utilization of Ca by dietary phytase (Nasi, 1990; Simons et al., 1990) . Lei et al. (1993a) supplemented corn-soybean meal diets with 0 or 750 PU/kg of diet and showed that apparent digestibility of Ca and percentage of Ca retained increased in pigs fed phytase. These researchers further indicated that dietary phytase may increase Ca utilization indirectly by increasing P utilization, which would require more Ca for skeletal growth. These findings are further substantiated by Lei et al. (1994) , who supplemented low-P, corn-soybean meal diets with two levels of phytase at 750 (suboptimal) and 1,200 (optimal) PU/kg of diet and two levels of Ca at .4% (low) and .8% (normal). These researchers reported that pigs receiving normal levels of dietary Ca had lower feed intake, ADG, plasma inorganic P and Ca concentration than those receiving the low level of dietary Ca. They concluded that the normal level of dietary Ca in the diet reduced the efficiency of supplemental phytase. The increased P level in the present experiment did not affect ( P > .20) fecal Ca, urinary Ca, Ca absorption, or Ca retention.
Nitrogen Balance. Main effects ( P < .05) of microbial phytase were observed for fecal and Table 7 . Apparent digestibility of nutrients in pigs fed microbial phytase in pearl millet-soybean meal diets a a Data are means of three pigs per treatment. b Phy = microbial phytase. c Quadratic phytase effect for adequate-P diets, P < .02. d Linear phytase effect for low-P diets, P < .10. e Linear phytase effect for adequate-P diets, P < .07. f Quadratic phytase effect for adequate-P diets, P < .09. g Linear phytase effect for low-P diets, P < .03. absorbed N (Table 6 ). Increasing levels of phytase linearly decreased fecal N ( P < .08) in the low-P and adequate-P diets and quadratically decreased fecal N ( P < .08) in the adequate-P diets. The absorption of N was also linearly increased ( P < .08) for low and adequate-P diets and quadratically affected ( P < .08) in the adequate-P diets. Phytase did not affect urinary N ( P > .20) but tended ( P < .10) to increase N retention. Increasing the level of P in the diets tended to increase urinary N ( P < .09), N absorption ( P < .07), and N retention ( P < .06). The level of P in the diets did not affect fecal N ( P > .25). A similar pattern for apparent N digestibility was observed by Mroz et al. (1994) . These authors fed 45-kg pigs a basal diet consisting of corn, tapioca, and soybean meal containing 800 PU/kg of diet and reported that N retention was enhanced and that daily losses of N were diminished by 5.5 g. However, Yi et al. (1996) fed semipurified diets with soybean meal containing two levels of available P (.05 and .16%) and five phytase levels (0, 350, 700, 1,050, and 1,400 PU/kg of diet) and reported small and variable changes in apparent N digestibility. Additional research is needed to determine the effects of phytase on N and amino acids availability in nursery pigs.
Apparent Digestibility of Nutrients. There were no phytase level × P level interactions ( P > .10) observed for apparent nutrient digestibility and the main effects are presented in Table 7 . Adding phytase quadratically increased ( P < .02) apparent digestibilities of DM and DE in the adequate-P diets. Graded levels of phytase linearly increased ( P < .10) CP digestibility in the low-P diets, whereas CP digestibility was linearly ( P < .07) and quadratically ( P < .09) increased in the adequate-P diets. Phytase linearly increased ( P < .10) apparent digestibilities of lysine, leucine, isoleucine, and valine in the low-P diets. Threonine digestibility in pigs fed the low-P diets was linearly increased ( P < .03), whereas threonine digestibility increased quadratically ( P < .09) in those pigs fed the adequate-P diets. Arginine digestibility was also quadratically increased ( P < .09) in pigs fed the adequate-P diets. The amino acid data represent apparent digestibility; actual excretion contained endogenous CP not reabsorbed, but DM and CP intake were equal; therefore, any changes in amino acid digestibility should be a result of dietary treatment. Similar findings have been reported by Mroz et al. (1994) , who conducted a study to evaluate apparent digestibilities and retention of nutrients in pigs fed microbial phytase (800 PU/kg of diet) in corn, tapioca, and soybean meal diets. The responses in that study showed that phytase enhanced significantly the apparent digestibility of DM, CP, total P, and amino acids (except for cystine and proline).
Bone Mineral Density. Initial bone status of pigs at d 0 was similar across treatment groups and averaged 3.333 g, .195 g/cm 2 , 1.795 g, and .231 g/cm 2 for GBMC, GBMD, RBMC, and RBMD, respectively. There was no phytase level × P level interaction ( P > .20) observed for the change in bone mineralization (Table  8) . Graded levels of phytase linearly increased GBMC ( P < .01) and GBMD ( P < .06) of pigs fed the low-P diets, whereas pigs fed the adequate-P diets responded with a linear increase only in GBMD ( P < .05). Phytase tended to increase RBMC ( P < .07) but did not affect RBMD ( P > .31 Other studies have shown that adding phytase to grain or corn soybean meal diets increased bone ash content, bone shear force, and bone breaking strength in pigs (Cromwell et al., 1993a; Hoppe et al., 1993; Cromwell et al., 1995) . In the present study, phytase increased bone mineralization in the low-P and adequate-P diets. However, the effects of graded levels of phytase seem to be of greater magnitude in the low-P diets. For example, phytase increased GBMC 28.7 and 39.0% in the low-P diets and 16.7 and 12.0% in the adequate-P diets and increased GBMD 10.8 and 59.5% for the low-P diets and 36.4 and 32.7% for the adequate-P diets. These findings indicate that phytase effectively improved P availability in low-P and adequate-P diets, reaching a plateau at 700 PU/kg of diet for the adequate-P diet. These results agree with other findings in pigs fed corn-soybean meal, canolagrain sorghum, and semipurified soybean meal diets with added phytase (Lei et al., 1993b; Veum et al., 1994; Yi et al., 1996) . Previous studies examining bone characteristics have been done after the pigs were killed and bones removed (Cromwell et al., 1993b; Hoppe et al., 1993; Cromwell et al., 1995) . For the present study, DXA was used as a noninvasive method for measuring bone mineralization. The accuracy of DXA for measuring bone mineral in this experiment was not assessed. Studies conducted in our laboratory with humans, however, have demonstrated validity and reliability (Kirchner et al., 1995) of these procedures. In addition, validation for precision and accuracy of DXA measurements of bone mineral content in young pigs (> 5 kg) has been reported (Brunton et al., 1993) . These researchers reported that DXA-estimated bone mineral content was significantly correlated with the whole body carcass bone ash weight.
Implications
The results of this experiment indicate that microbial phytase was effective in improving phosphorus availability in low-phosphorus pearl millet-soybean meal-based diets when limit-fed to nursery pigs. Phytase reduced the amount of phosphorus excreted in the feces and increased bone mineralization in nursery pigs. Adding phytase in pearl millet-soybean mealbased diets may reduce the amount of inorganic phosphorus supplements needed to meet the phosphorus requirements of nursery pigs. Because of the noninvasive nature of duel energy x-ray absorptiometry, this technology is useful for evaluating bone mineral changes over time in nursery pigs.
